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Indicator dilution methodology has been applied to the study of pulmonary
bemodynamics and ventilatory function before and after hemorrhagic shock and
in in-vitro perfused lungs. New sampling cechniques have been developed and
new mathematical models applied to data analysis.

Both vascular distention and the recruitment of new flow channels :ay
play important roles in adaptive changes of the normal lung to varying
cardiac outputs. After shock, pulmonary edema or prolonged in-vitro oxr-
fusion, pulmonary artery pressure rises and there is derecruitment. Ouher
factors found to be of significance in the distribution of pulmonary flow

and pulmonary function include posture, oxygen breathing and the pharma-
cologic agents norepinephrine, serotonin, endotoxin, dibenzyline and
acetylcholine.

A neu method is described for the measurement of alveolar gas volumes
and capillary blood volume.
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1.

L. EARLY P.L(NAR-Y HEMODYN MIC AND VENTILATORY CHANGES , ICH ACCOM-fPANY
HE,fORR!AGCC SHOCK Ae!,D IN-VITRO P1JZ? PERFUSION

a) Factors with Determine the Distribution of Blood in the Normal

Lung

(1) Cardiac Output

A simple demonstration of the dcpendence of blood volume and
flow is shown by the study in Fig. 1. A small tracer dose of Cr-51
labelled red cells was added to the in-vitro blood reservoir (Fig.
12) and allowed to equilibrate with the whole system. An external
probe measured the radioactivity which directly reflected blood
volume. As flow was increased there was little c' ,ge in arterial
pressure, indicating an increase in the cross-sectional area of the
vascular bed. The added vascular volume must be due either to
distention of vessels or to a recruitment of new parallel flow
channels.

(EXTERNAL PROBE- IN VITMO LUNG
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Fig. 1: Dependence of flow an~d pulmonary blood volume.
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A single tracer (cardio-gre .c dye or chro~mated :ed c i. 13) in-
dicator dilution technique provides similar data (F'ig. 2). Zhose

experiments were done to varify the accuracy of the methoa. We

found that indicator dilution flows agreed within 8% of the

volumetrically determined lows.

IN VITRO LUNG
5 -

4- 0 0.8

3 - .

0.050 0.100 0.150 0.200

FLOW Wl/SeC/14/

Fig. 2: '4icator dilution studies of the dependence of flow and
volume. The tracers used were cardio-green or chromated
red cells. Each dot represents a separate lung.
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We then examined thp flow and central ,2ood voluae in a seri s
of no;-.nl dogs and comparcd the . to anoth-r series subjected to
hemorrhagic shock (Fig. 3). Again we found a good correlati., of
flow and volume. Injection into the right atrium via the jugular
vein gave us the additional volume of the right heart. Dogs - b-
jected to hemorrhagic shock showed no significa.4t volume changes
from controls.
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Fig. 3: The central blood volume after hemorrhagic shock did not
differ significantly from normal controls.

The question of vascular recruitment vs. distensibility was
next examined with the use of a multiple indicator dilution method
(1) (Fig. 4). A series of in-vitro perfused lungs were studied
prior to the onset of pulmonary edema using cardio-green, 1-131
antipyrine and xenon-133.
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Fig. 4: Inlicator dilution measurements of blood volur.-e, wa-tr

volume and alveolar air volumre (see text). This rcprese,.:s
results from ten different lungs.
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-s pul-monary flow increased the central blood volume, wa-tr
volume and effective alveolar air volume (EAAV) increased. Thn
latter two measurements are based on indicator dilution methodology
(see section 3a) and therefore relate only to those volumes which
surround perfused capillaries. Thus with changes in flow there are
changes in the number of perfused capillaries, a phenomena which we
describe as recruitment. an increase in vascular volume with no
change in water volume is interprete as distention. The slope of
the vascular volume is less steep than the antipyrine volume (con-
sidered to measure the water space) or the EAAV. This is probably
related Lo the large base line volume of blood in the arteries and
veins which tends to dampen the effect of added increments of
capillary blood volume.

(2) Gravity

Previous work by others has repeatedly demonstrated the
importance of position in determining regional blood flow. '.e
studied this phenomenon in dogs by alternate positioning of the
animal in the left and right lateral decubitus position.(Fig. 5).

In the normal dog, the decrease in flow'in going from the left
to right lateral decubitus position readily explains the decrease
in blood volume and effective alveolar air volume (EAAV). The
latter represents the voluma of air in alveo!i that are perfused.
Alveolar ventilation also decreases. These findings are consistent
wit'k a decrease in the perfusion of capillary alveolar units
secor-ary to a decrease -i flow. The postural effect is seen in
the significant increase in venous admixture /(2S \. This type of

.' QT j
evidence indicates that not only may there be a cuantizative change
in the number of capillary alveolar units being perfused but that
there may also be a quantitative change in pulmonary fuaction de-
pending on the redistribution of flow. In another study. (ig. 5),
venous admixture alm.st doubled when the experimental aaimnal was
turned onto his right Jide. The V/Q ratio decreased fron .706 to
.306. Post mortem examination showed severe pneumonia primarily
affecting the right lung. A similar change was noted in a study
one hour after shock where turning resulted in a diuinution of
venous admixture and an increase in the V/Q ratio from .796 to
1.042. The changes in EAAV in these stressed animals w%.s naot
consistent with recruitment due to altered flow. The changes
argue for a redistribution of flow based on gravitational effects
to ltng regions with different functional capacities.
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b) . :., .ji.. : ..... . ., .. ..., r :.on: ihc Diszrib .mon
.. . ........ ' ... ..... ri ! Prcssure

(1) The aormai lunf, hand- Imceascs in flow wich recruitment of
new vascuiar channels nd/or dis.eztion of existing channels.

ioamon-ry pressure is therefore relatively unaffected wi-th large
flow changes. Either phenomena may be onerative and may be effective
in prcvenzing pressure changes. Fig. a demonstrates a relatively
stable EAAV despite a very large increase in blood volume wit'h in-
creasing flow. Pulmonary artery pressure rose but slightly because
of this vascular distention.
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(2) ?ulmonary ede:a was studied en-vitro. Its occurrence was
usually accompanied by an increase in vascular resistance. Fig. 8
shows deracruitment and vascular d.isention accompanying the pro-
-gression of Dulmonarv edema whereas Fig. 9 illustrates partial ./
pharmacological reversal, -ith both recruitment and a diminution

of mean pulmonary artery pressure from 38 to 30 cm :o when dibenzylene
was given.

POSITIVE RESPIRAT !ON

401~80- DEECPUIT/dENT
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20I / 1-
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(zii

3 4 5

HOURS

Fig. 8: Pul.monary edema is associated with increase in pulmonary
arterial pressure, distenLion of blood vessels (increase
in blood volume) and derecruitttment of capillary cha-nnels
(decrease in measured warr).
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(3) We have preliniuary da.ia conacerning various pharmacologic agents.

Dibenzylene is consistent in its ability to increase vascular
recruitment.

Serotcnin raises pulmonary artery pressure, while paradoxically
increasing recruitment. This increase in resistance is due to
vascular constriction since the pulmonary blood volume is decreased.

:acetylcholine in the dosage used, produced no changes it: pul-

monary artery pressure but produced a dramatic decrease in the

number of perfused capillaries while causing vascular distention.

Endotoxin and noreinephrine had similar effects which were
the reverse of acetylcholilne. A rise in vascular resistance was
noted.

isoproterenoi reversed the effects of serotonin with regard to
recruitment. Its effects Ln the -ormal lung are not yet clear.

c) Effects of Hemorrhagic Shock and Pul.ry Edema (2)

After prolonged pump perfusion the groos changes of patchy "congestive
atelectasis" were seen. These are areas of the lung which collapse com-
pletely on expiration but re-expand at least partially on inspiration.

Pulmonary edema, with bronchial froth, appeared later. Neither of these
events was associated with an increase in venous a-dmixture. This surprising
observation is explained by our findings of progressive derecruitment. It
appears as if the damaged segments of the lung were no longer perfused.
Thus, the measured lung water may continue to decrease despite a progressive
increase in lung weight. Such findings should caution against the simple
use of a two-tracer technique for the measure of total lung water, partic-
ularly with pulmonary disease and increase in vascular resistance.

The eff-ctive alveolar air volume (E.AAV) falls progressively after
prolonged pump perfusion. EAA\V was also measured one hour after hemor-
rhagic shock (Table 1) and was found to have decreased significantly
(p < .01). In the animals that survived one day, the volume returned
toward normal. The first seven dogs were studied while breathing while
the last four dogs were studied during breath holding. The latter volumes
are larger because of the inclusion of dead space with this measurement
technique. Two control animals showed no change after 8- JO hours of
anesthesia.

-nt~nLnU~ nn- - -u .l - -n|nnnmnn mn u nlnu* u ndg lplnWnmm m llu numunun aml u amlmn ~n.nl~~ mnUml nNUld m nm n nunIm I
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Before Shock O He our After Shock One Day After hoch

i .. 9

• 7.3 3.0

13.3 9.7 G.%
18.2 7.4 !8.

7.8 6.8
37.9 24.9
21.6 12.3
45.3 35.1 22.3
23.9 26.5 33.

Table 1: Alveolar air volumes after hemorrhagic shock.

We are not yet certain whether this decrease in alveolar air repre-
sents simply derecruitment or whether interstitial ede:ma and possible
loss of surfactant also encourage alveolar collapse. This latzer
possibility is sugqested by frequent decreases in surfaca activity that
we see in the in-vitro lungs as measured by the Pattle bubble stability
technique.

d) Venous Admixture

The breaching of 100% oxygen is a technique used to calculate
anatomic shunting using the Bereggren assumption. The technique
requires a twenty minute period of 00% 02 breathing before one can
be reasonable certain that all N2 is washed out of poorly venjilded
alveoli. We have noted that during this time perioe the amount of
gross atelectasis may increase. This phenomena is Lescribed by others
and is a known hazard of 02 breathing. We have observed that cardiac
output decreases during 100% oxygen breathing. Alveolar ventilation
and effective alveolar volume also change. We do not believe, there- /

fore, that steady state conditions exist after the shift from room
air to 100% oxygen breathing, to justify tL. use of this technique
to differentiate the various forms of venous 

admixture.

We examined the use of the inert gases, xenon-133 and later krypton-
85, as an approach to the rueasure of venous admixture. The modal we
formulated is diagramed in Fig. 10 which is a schematic of a.capillary
alveolar unit.

It
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l............................. .

Fig. 10: Mode of gas .xang a capillary alveolar unit: 1
and 2 aic blood u and exit, 3 and 4 are equilibrium
across the interstitial spaze; 5 and 6 represent bulk
air movement as well as diffusion.

in the breathing state, we found a d-irect correlation be-:ween alveolar
venilation (,5 and G') ana the vascular recovery of xenon. Secondly, we
have observed that if V.A is ..p cons,:anz', xenon--recovery bzco:os a direct

Of flow. in breath hocldi. (resing lung volune) v-, recover an
avarage of only 60% of the injecton xedon (Fig. 11). The only pathway for-
loss is diffusion (t5). f we inLducc atalectasis rhere is a 95. recovery
sitce diffusion loss is r2,iniizad. The scatter of data in the breathing
lung in Fig. 11 is therefore .lin. d by . ' he dependenc ot enn re-
covery not only on the shunt QQ/QT but aiso on VA, flow and diffuSion
if QSi'QT = 0, xenon recovery is aboun z. If the pulmonary shunt is due
to true atelectasis, there will be virualiy corrlete vascular reCovery
of our gas tracer through the area. in non-ventilated areas recoveries
of 45-75% are ;xpected. If so,. ventilation occurs this recovery will
decrease to very low levels.

We therefore draw the following conclusions from this 11ata.

(1) If Xe* > QS by more than 10% this signifies pr!marily
CG 7

atelectasis or true precapillary shunting.

(2) If Xe . 45-75% Qs this signifies a shunt through areas con-
CG

aining ar, but which are not ventilated.

(3) If Xe < 45% t we are dealing with air containiz- poorly

ventilated alveoli.

*-Xc recovery of xenon related to zlb-e in=,rnal standard czrdio-green.
. Z C G
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the xenon indicator dllution curve shou/be roved to the rih.
seconds). Most important, alveolar vent'latioa calculated _7c-I x.i::ed
expired CO2 and arterial CO2 is in good agreement with alveolar ve~itl-
ation calculated by the xenon zthod6. sour other expetiments aso
show good correlation. The CO2 me:hod always gives slighgly hth
results. We believe this is due to rebreathing of dead space and
therefore measurement of an abnormally high mzL"d expired CO2.

iN VITAO LUNG

0

0 to

Fig. 14: Ageementx of zenor. clear"nce vze = jcu.,* :Tcod fo
external probe and iudiCar ion drior, Alveolar
ventilation derived ro ix d : a a iZd c~i 4aa
P t

oba)-r b n~it- uvs



The relationship of xenon recovcry ~o VA and f low is shown r,
Fig. 15.
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b) A New Approach for the Sin7!an:eous Determination of Capillary
Volume V). xtravascular Volume (V') and Alveolar Gas Volume (V)

We have observed that -he gases xenon-133 or krypton-85 appear a
fraction of a second earlier than a simultaneously injected vascular
label such as cardio-green dye or chromated red cells. In order to
analy.e this data a simple model describing arterial, capillary and
venous blood flow was developed (Fin. 15). In this figure, the pre-
capillary, capillary and post capillary blood is represented by the
sections a to b, b to c and c to d respectively. The capillary blood
volume is v, the lung tissue volume is v' and the alveolar volume is V.
The terms hl, h2 and h3 are the "transfer functions" describing, for
hl for example, the tracer concentration occurring at b following an
impulse of tracer applied at point a. The transfer function for te
entire system from a to d is just the convolution of the three inter- . --
current transfer functions, that is hxh2xZn3. Convolution is a
mathematical type of "multiplication" which is used to relate transfer
functions to one another in the time domain; it is analogous to

multiplying the Laplace transforms of transfer functions in the
frequency domain.

b. V

_______ b. V 'c d

arterial venous

hlo h2  h3

Fig. 16: A model describing flow and volumes in a capillary-alveolar
unit.

k

t



Three tracers are uscd: cardico-green (G), antipyrinre CA) arn" :an

(X). It is assumed that cardi o-green has a Turely vascular dis tribu-
tion, antipyrine and xenon both have tissue and vascular C1istributions.

Xenon has in addition an alveolar distribution. The exper'Ments to be
analyzed were performed by the simultaneous inject-ion of impul.ses
(boluses) of the tracers at point "ia." The time history of tracer
concentrations at point "d" were Treasured. This information coupled

with the modeled form of h2 for each of the tracers will provide in-

formation about the anatomy of the section b-c and the alveoli.

The following simple forms of hz for each of rhe tracers listed
above are proposed as an initial trial for identifying capillary vol~e

alveolar volume and~Jlung tissue vrolume. The following assumptions

are made: hl A hi , h3A =h 3 X, F -blood flow (constarl-, co
aquilibrates betwe-en b and c through the alveoli ixuch more rapid ly uha._

blood flow from b- to c. Using the partition coefficient for xenon andHantipyrine, the following simple models for the transfer functions h2q
for each of the three tracers proposed are defined:

F -V hA

2 (t) .7v'+v '--t
v/F

5V+v

xenon: h X -Ft a 11..___ t

H2t) 5V+v -(t)

Following the injection of the three tracers at point a and their
measuremant-at point d to determine the overall transfer function
-hl h~g -3 the following error function can be defined:

h ~h ~. h9 h .X~ A /A
1 2 3 2 - 1 ~2 3 ~ h2 el(V~vVWF)

The function e(v 1 vt ,F can now be minimized with fairly standard
techniques to-produce Rfe optimum values of F/(5V + v), F/(.7v' + v)
aid vIP. The volumes of distribution of cardic-green and of antipyrine,
g ive the lung blood volume and total lung tissue volume respectively.
All of th -is information may then be used to estimate v, V, v1, F.

IN c) Venous Admixture

tThree approaches are being taken to characterize the types of venousaditue
(1) Transit Time Data of One-Inert Gas

If a true precapillary shtunt is present, an inert gas tracer
will not evolve into an extravascular space. The transit time
through this shunt will be relatively short compared with theImean transit time of a vascular tracer (!iig. 17).
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Fig. 17: The shaded area of the xenon curve represents a preferential . *..

vascular pathway.

(2) Double Gas Tracer Studies

Using 2 gases, xenon-133 and krypton-85,, with different solu-
bilities in blood and tissue, the possibility exists of desc-ibing
typas of venous admixture. We have preliminary data describing
transit time and recovery data for these gases under various condi-
tions.

(3) External Monitoring to Measure Regional Venous Admixture

The breath holding lung may be described as a two-compartment
system with regard to the vascular washout pattern of xenon. The
slow component represents air filled alveoli and disappears during
breathing. This is strong evidence of functional significance of
this two-compartment system. The fractional area of the rapid
component equals Qs

QT
The same two-comparement system has been analyzed by graphical

methods from the xenon curve drawn by external monitoring. In
initial studies this has provided a method for the external detection
of shunts.

IT

Ii
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--Indicator dilution methodology has been applied to the study of pulmonary
hemodynamics and ventilatory function before and after hemorrhagic shock and
in in-vitro perfused lungs. New sampling techniques have been developed and
new mathematical models applied to data analysis. (U)

Both vascular distention and the recruitm .t of new flow cha nc.Is may
play important roles in adaptive changes of the normal lung to v"rying cardiac
outputs. Pfter shock, pulmonary edema or prolonged in-vitro perfusion,

pulmonary artery pressure rises and there is derecruitment. Other factors
found to be of significance in the distribution of pulmonary flow and pulmonary
function include posture, oxygen breathing and the phar--iacologic agents nor-
epinephrine, serotonin, endotoxin, dibenzyline and acetylcholine. (U)

A new rzethod is described for the rzasurement of alveolar gas volumes
and capillary blood volume, (U)
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